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Available online 9 January 2015Oxide dispersion strengthened (ODS) steels are very promising materials for nuclear applications. In this
paper, the hot working behavior of ODS ferritic steels, consolidated by hot extrusion, is studied through
torsion tests. Three ODS steels are produced acting on both the quantity of Ti and Y2O3 added to the
matrix (wt% Fe–14Cr–1W), and the density and size of the nanoparticles. A temperature range of
1000–1200 C and strain rates from 5  102 to 5 s1 are considered. The microstructures of deformed
samples are examined by Electron Back-Scatter Diffraction and X-ray diffraction techniques. It is
observed that hot plastic strain leads to an early damage with nucleation and growth of cavities along
grain boundaries. Except for the damage, very few microstructural and textural evolutions are noticed.
The three tested ODS steels exhibit almost the same behavior under hot torsion straining, regardless of
the precipitation state. Overall, the experimental results are interpreted through a mechanism of strain
accommodation at grain boundaries, with low dislocation activity in the bulk of the grains.
 2014 Elsevier B.V. All rights reserved.1. Introduction
Oxide dispersion strengthened (ODS) Ferritic steels (12–
18 wt%Cr) offer great potential as fuel cladding in sodium-cooled
fast reactors (SFR) [1–3]. Compared with austenitic steels, they
exhibit an excellent resistance to swelling under irradiation thanks
to their bcc structure [4]. The nanosized and thermally stable oxide
particles (Y–Ti–O) in these alloys provide good creep strength at
high temperature [5]. Indeed, the very ﬁne precipitates can be
effective barriers to the motion of dislocations under service condi-
tions [6].
The production of ODS steels usually involves powder metal-
lurgy methods including mechanical alloying and subsequent pow-
der consolidation using either hot extrusion (HE) or hot isostatic
pressing (HIP) [7]. During HE process, the materiel undertakes a
severe plastic deformation leading to a complex microstructure,
which consists of a mixture of elongated grains with a speciﬁc ori-
entation h110i parallel to the extrusion direction, and relatively
equiaxed and randomly oriented small grains [8–10]. The micro-
structural anisotropy is more pronounced in the ODS ferritic grades
(>wt%12Cr) than in martensitic ones [11,12]. Understanding themetallurgical phenomena which may occur during HE and lead
to the observed microstructure is a key issue in order to produce
materials with appropriate properties. The dynamic recrystalliza-
tion which may occur during hot working is of particular interest.
This work investigates the microstructure evolution during hot
torsion tests. Hot torsion tests are chosen to mimic the thermo-
mechanical loading applied during the HE of ODS ferritic stainless
steels. The microstructure after high-temperature deformation is
characterized by Electron Back-Scatter Diffraction (SEM-EBSD)
and X-Ray Diffraction (XRD) in order to determine the grain mor-
phology and crystallographic texture. This study also provides a
useful ﬁrst dataset to identify the rheology of the material, at high
temperatures and large strains, which can be used for the numer-
ical simulation of the hot extrusion process.2. Experimental procedure
2.1. Materials and torsion test procedure
In the present study, two ODS ferritic stainless steel powders
were used. Their chemical compositions in weight percentage are
given in Table 1.
Two gas-atomized pre-alloyed powders, produced by
Aubert&Duval, were mechanically alloyed with Y2O3 or Y2O3 + TiH2
particles, in an attritor under hydrogen atmosphere by the Austrian
Table 2
Condition of manufacturing of studied materials.
Reference Initial
powder
Heat treatment
before consolidation
Consolidation
process
Material 1 Powder 1 1100 C/1 h HUP
Material 2 Powder 2 1100 C/1 h HUP
Material 3 Powder 2 1350 C/3 h + 1100 C/1 h HUP
Fig. 1. Description of the ﬂat surface used for microstructural analysis.
Table 1
Composition (%wt) in major elements of studied materials.
Reference Fe Cr W Ti Y2O3
Powder 1 Bal. 14 1 0.4 0.3
Powder 2 Bal. 14 1 0.3 0.25
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der 1 (mean particle size of about 80 lm) was put into a low car-
bon steel can and vacuumed at 400 C during 2 h under
2  105 mBar. Then, the billet was heated in air at 1100 C for 1 h
and consolidated by Hot Uniaxial Pressing (HUP) to form the mate-
rial 1. HUP consists in an interrupted hot extrusion process that
leaves a part of the material in the upstream of the die. Therefore,
in this region the material is consolidated only by the uni-axial
movement of the ram. It has been shown that this state is fully
dense and presents a uniform microstructure without preferential
crystallographic texture [13].
From the powder 2, two materials were produced: material 2
and material 3; the ﬁrst one with the same procedure as described
above, and the second one was heat treated at 1350 C for 3 h
under 7  105 mBar vacuum before the consolidation process.
The obtained consolidated materials (Table 2) were then used to
prepare torsion test samples. First, 10 mm cylindrical rods were
cut by Electric Discharge Machining (EDM). Specimens, with a
gauge length of 11.6 mm and a diameter of 4.5 mm, were then
machined from this base material (Fig. 1). Those dimensions are
smaller than the standard torsion sample geometry. However,
the very ﬁne microstructure of ODS alloys is not expected to lead
to geometry effects.
Torsion tests usually allow reaching large strains before plastic
instability occurs. Temperatures from 1000 to 1200 C and strain
rates from 0.05 to 5 s1 were considered. Those temperatures sim-
ulate the conditions commonly used in the HE of ODS steels. Nev-
ertheless, the selected strain rate values remain lower than those
in HE, which can reach 25 s1 [14]. The samples were introduced
in a quartz tube with argon ﬂow to ensure protection against oxi-
dation, and were heated with a lamps furnace. The temperature
during the torsion test was measured by a thermocouple placed
in the head of the sample. After deformation, the samples were
immediately water quenched in order to retain the deformation
microstructure.
The measurements during the torsion tests provide the torque
C vs. the number of turns N. The equivalent stress r and strain e
were calculated using the Fields and Backofen analysis [15]
through the following equations:rðRÞ ¼ C
ﬃﬃﬃ
3
p
2pR3
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where C is the torque (N m), N number of turns, R the sample
radius, L the gauge length, m the strain sensitivity and h the work
hardening exponent.2.2. Microstructural investigations
Metallurgical examinations were carried out on tangential sec-
tions (parallel to the torsion axis) at a distance of 0.8R from the tor-
sion axis, R being the radius of the gauge length as illustrated in
Fig. 1.
Microstructure and local crystallographic orientations of
deformed samples were examined by EBSD and XRD techniques.
For this purpose, the ﬂat surface of torsion samples was mechani-
cally polished up to a roughness of 1 lm. Final mechanical polish-
ing with a solution consisting of colloidal silica (OP-S, 90 vol.%) and
H2O (10 vol.%) was then performed for 6 h.
EBSD measurements were carried out on a JEOL 7001-FLV scan-
ning electron microscope equipped with Field Emission Gun and
operating at an accelerating voltage and working distance of
20 KV and 15 mm, respectively. EBSD analysis was performed both
on as-received materials and deformed samples at various temper-
atures and a strain rate of 0.05 s1. The strain rate was considered
to be low enough to avoid signiﬁcant warming due to plastic dissi-
pation. Therefore, isothermal conditions were assumed. For the
material 1, torsion tests were carried out up to e ¼ 0:4, correspond-
ing to the peak of the ﬂow stress, and also until fracture. This inter-
rupted test allows to determine the effect of the applied strain on
the microstructure. The EBSD mapped areas were 60 ⁄ 45 lm2, and
the chosen step size was 50 nm. The Bruker software was used for
the data acquisition, and the HKL software (Oxford Instruments)
for the data analysis. In this study, microstructures are shown
using a color-coded orientation (i.e. inverse pole ﬁgure with the
torsion axis projected in the standard stereographic triangle). The
shearing direction is indicated in the up-right corner of each ﬁgure.
XRD investigations were performed on four deformed samples
of material 1, in order to get more global information on the micro-
structure, using a Bruker D8-Discover goniometer, operating with
the Copper Ka radiation ðkKa1 ¼ 1:5405 nm; kKa2 ¼ 1:5443 nmÞ. A
Ni-ﬁlter was used to reduce the background noise. The diffracted
radiation was collected by a rapid Lynxeye detector, and the anal-
ysis was done in h  2h conﬁguration.3. Results and discussion
3.1. Hot torsion tests
For the material 1, the ﬂow curves obtained for different
conditions are reported in Fig. 2. The ﬂow stress is, as expected,
Fig. 3. Strain to failure obtained in various torsion test conditions for material 1.
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strain hardening followed by a weak softening is noticed.
The ﬂow stress is in the range of 60–280 MPa under the tested
conditions. Compared to a standard ferritic stainless steel (AISI 430
material) deformed in the same conditions, these values are much
higher. The observed ductility, however, is lower [16].
The ductility of ODS steels is limited during hot deformation,
due to nanoparticles strengthening and also to the limited grain
boundary migration as a consequence of Zener pinning effects.
The ﬂow stress is temperature and strain rate dependent, and
often found to obey a power relationship with strain rate and an
Arrhenius type law with temperature:
rpeak ¼ A _em: exp QRT
 
ð3Þ
A being an empirical constant, m the strain rate sensitivity, Q the
apparent activation energy for deformation and R the gaz constant,
equal to 8.314 J/mol K.
The calculated values of m and Q in the tested conditions are
about 0.1 and 71.4 KJ/mol, respectively. Strain rate and tempera-
ture sensitivity of the studied material are slightly different from
those of the commercial grade AISI 430 stainless steel (0.23 and
83.5 KJ/mol respectively) [16]; in particular the strain rate sensitiv-
ity is lower, which is consistent with the reduced ductility.
Fig. 3 shows the evolution of strain to failure with temperature
at various strain rates. It can be seen that ductility increases with
increasing temperature for all strain rates. From 0.05 s1 to
0.5 s1 conditions, the ductility increases with increasing strain
rate, but at 5 s1, this tendency is not conﬁrmed in the low temper-
ature range. A peak of ductility is observed at 1200 C and 5 s1.
The ductility increase with strain rate was already reported by
other studies through tensile tests at temperatures up to 750 C
and strain rates between 105 and 5  102 s1 [9,17]. However,
in the torsion conditions, the rising temperature induced by plasticFig. 2. Torsion ﬂow curves of material 1 for different tedissipation, especially at high strain rates, may explains the
increase ductility observed in Fig. 3.
Table 3 presents a comparison between the peak ﬂow stress and
strain to failure obtained at two temperatures (1000 C and
1200 C), and at 0.05 s1, for the three investigated materials.
Material 3 presents almost the same ﬂow stress as material 2,
but its ductility is twice lower for both temperatures. The very long
heat treatment before the consolidation process is here shown to
be detrimental to the ductility of the ODS material. Indeed, it leads
to the formation of strings mainly composed of Ti-oxides of a few
hundred nm, as pointed by red arrows in the SEM image of Fig. 4.
Those strings are located at the Prior Particle Boundaries (PPBs) of
about 40–80 lm in size. Under deformation, the induced porositiesst conditions: (a) 0.05 s1, (b) 0.5 s1 and (c) 5 s1.
Table 3
Mechanical properties for the three investigated materials (peak ﬂow stress and strain to failure).
Temperature (C) Material 1 Material 2 Material 3
rpeak (MPa) efailure rpeak (MPa) efailure rpeak (MPa) efailure
1000 220 0.75 150 0.98 145 0.5
1200 65 1.1 90 1 75 0.6
Fig. 4. (a) SEM image of material 3 before deformation. Red arrows show strings of precipitates at PPBs, (b) image of the boxed area and (c) titanium EDX spectra showing that
precipitates are rich in Ti. (For interpretation of the references to colo in this ﬁgure legend, the reader is referred to the web version of this article.)
Fig. 5. SEM micrograph of material 3 deformed at 1200 C showing damage
porosities nucleated preferentially along strings of precipitates.
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which could explain the poor ductility of material 3.
From Table 3 it is also noticed that material 1 presents a higher
ﬂow stress at 1000 C compared to material 2, with however a sim-
ilar ductility.
It is worth noting that the reported levels of ductility are quite
lower than those commonly observed for more conventional fer-
ritic steels [16,18]. For HE, the large negative stress triaxiality dur-
ing the process leads to a much better ductility than torsions tests
[14,19].
3.2. Nano-precipitation
Nano-particles in the ODS materials were detected by small-
angle neutron scattering (SANS) and transmission electron micros-
copy (TEM). Their characteristics in terms of mean diameter and
volume density are reported in Table 4. Materials 1 and 2 present
almost the same nano-oxides characteristics. On the other hand,
material 3 exhibits the lowest number density and the highest
mean diameter of nano-precipitates. These precipitation character-
istics highlight the effect of the Ostwald repining during the heat
treatment at 1350 C for 3 h before the consolidation step.
3.3. Microstructure evolution
Fig. 6 illustrates several EBSD maps of material 1. The micro-
structure of the as-received material (Fig. 6a) exhibits a double
population of equiaxed grains, the largest ones having a size of a
few lm, and the ﬁnest ones about 300 nm. The material does not
show any crystallographic texture.
Fig. 6b reveals the obtained microstructure after deformation at
1000 C and 0.05 s1. Some grains appear slightly elongated which
conducts to a small increase of the average aspect ratio (Fig. 7).
At 1200 C and 0.05 s1, and after a strain of 0.4 (Fig. 6c) corre-
sponding to the maximum of the ﬂow stress curve, the initial
microstructure remains stable. Furthermore, Fig. 6d shows the
microstructure in the fracture region after a strain of 1.1. The ori-ginal grains still do not exhibit any elongation in the shearing
direction, and no grain reﬁnement is observed. As presented in
Fig. 7, both the average grain size and the aspect ratio do not evolve
very signiﬁcantly with deformation. The texture is weak as well.
The typical D2 component f1 12gh111i expected in torsion tests
of ferritic steels [18,22,23] is not observed (Fig. 8). XRD measure-
ments performed on various torsion samples are reported in
Fig. 9. For different conditions, the relative intensities of diffracted
{hkl} planes, normalized to {110} planes, are quite similar to those
of an isotropic bcc material. It means that the material deforms
until fracture without developing any crystallographic texture.
This result is consistent with the EBSD measurements shown in
Fig. 6.
Table 4
Nanoparticles detected by SANS and TEM.
Technique Metallurgical state Mean diameter (nm) Number density (m3) Reference
Material 1 SANS Extruded bar 3 1024 [20]
Material 2 SANS Consolidated by SPS 3.2 1.5  1024 [21]
Material 3 TEM Extruded bar 8.9 1.1  1022 This study
Fig. 6. Material 1, EBSD inverse pole ﬁgure maps, (a) as received material, (b) 1000 C at 0.05 s1, rupture ðe ¼ 0:75Þ, (c) 1200 C at 0.05 s1, e ¼ 0:4, (d) 1200 C at 0.05 s1,
rupture ðe ¼ 1:1Þ. The white lines represent low angle grain boundaries with misorientation of 3–10. The black boundaries have misorientation greater than 10.
Fig. 7. Evolution of the average grain morphology and size during hot torsion at 0.05 s1, for the three investigated materials.
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Fig. 8. Poles ﬁgures corresponding to Fig. 5c map.
Fig. 9. Material 1, relative intensities of I(hkl)/I(1 10) obtained by X-ray diffraction on
selected deformed samples.
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als, XRD measurements were performed on a standard ferritic steel
(AISI430) deformed in torsion in similar conditions, up to e ¼ 3.
The obtained poles ﬁgures presented in Fig. 10 show again a lim-
ited texture development. This suggests the existence of a thresh-
old strain, about e ¼ 6 according to Oliveira and Montheillet [18],
from which the torsion texture appears in a bcc structure. Hence,
the very low ductility of ODS steels in torsion, leading to early rup-
ture, does not allow the development of a noticeable texture.
The rupture of ODS steels at high temperature is associated
with growing of porosities along grain boundaries as can be seen
in Fig. 6d. The black areas, corresponding to non-indexed pixels,
reveal that damage initiated and developed mainly at grain bound-
aries. The poor ductility of these materials is therefore associated
to intergranular damage.
The EBSD characterizations of materials 2 and 3 are reported in
Figs. 11 and 12, respectively. Unlike material 1, material 2 presents
less ultraﬁne grains (UFG) and a larger average grain size of about
2 lm (instead of about 0.5 lm, see Fig. 7). The reduced quantity ofFig. 10. XRD measurements of AISI430 texture after torsoxides leads to a lower proportion of these UFG. After deformation
ðe ¼ 0:98Þ at 1000 C and 0.05 s1 (Fig. 11b), some grains show a
preferential elongation, leading to a slight increase in the average
aspect ratio (from around 2 to 2.5), as presented in Fig. 7. This elon-
gation trend is less present after deformation at 1200 C and
0.05 s1 up to e ¼ 1.
In a general way, the investigated samples show limited micro-
structural evolution during hot torsion. The same analysis applies
to the material 3, as can be seen in Fig. 12 maps, and in Fig. 7.
The increase of the nanoparticles size in this grade, from 3 to
9 nm, induced by the long heat treatment performed before the
consolidation process (1350 C/3 h), does not seem to impact
strongly the deformation mechanisms. However, the pinning
effects at grain boundaries are less effective, resulting in a larger
average grain size after deformation.
Overall, the obtained results show that the studied materials
have almost similar behavior under hot torsion straining. The
microstructure shows limited evolution, which is quite unusual
during hot working.
It is expected that ferritic steels undergo Continuous Dynamic
Recrystallization (CDRX) during hot deformation [16,24]. This
mechanism, generally encountered in high stacking fault energy
materials, is associated with easy dislocation motion and efﬁcient
dynamic recovery. However, the studied materials do not indicate
such behavior, at least in the investigated conditions. No signiﬁ-
cant reﬁnement of the original microstructure is noticed, and few
Low Angle grain Boundaries (LABs) are formed, even after large
strains as shown in the EBSD maps and presented in Fig. 13.
In fact, the high particles density (up to 1024 particles/m3) and
the very small size of the nano-precipitates (a few nm), character-
istics of ODS steels, could severely impede dislocation motion in
the bulk of the grains. Moreover, small and large particles, could
also lead to selective grain boundary pinning and explain theion deformation at 1200 C and 0.1 s1 up to e ¼ 3.
Fig. 11. Material 2, EBSD inverse pole ﬁgure maps, (a) as received material, (b) rupture at 1000 C and 0.05 s1 ðe ¼ 0:98Þ, (c) rupture at 1200 C and 0.05 s1 ðe ¼ 1Þ. The
white lines represent low angle grain boundaries with misorientation of 3–10. The black boundaries have misorientation greater than 10.
Fig. 12. Material 3, EBSD inverse pole ﬁgure maps, (a) as received material, (b) rupture at 1000 C and 0.05 s1 ðe ¼ 0:5Þ, (c) rupture at 1200 C and 0.05 s1 ðe ¼ 0:6Þ. The
white lines represent low angle grain boundaries with misorientation of 3–10. The black boundaries have misorientation greater than 10.
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Fig. 13. The dependence of grain boundary misorientation distribution on strain level. Material 1 deformed at 1200 C and 0.05 s1: (a) complete distribution and (b) zoom on
the domain [0–20]. A minimum misorientation cut-off of 2 has been used to eliminate excessive misorientation noise.
Fig. 14. The dependence of grain boundary misorientation distribution on temperature. Material 2 deformed at 1000 and 1200 C, with a strain rate of 0.05 s1: (a) complete
distribution and (b) zoom on the domain [0–20]. A minimum misorientation cut-off of 2 has been used to eliminate excessive misorientation noise.
60 A. Karch et al. / Journal of Nuclear Materials 459 (2015) 53–61presence of a population of ﬁne grains, as particularly apparent in
material 1.
The dependence of grain boundary misorientation distribution
on temperature is also presented in Fig. 14. A greater formation
of LABs (<4) is observed at 1000 C compared to 1200 C. This phe-
nomenon could be explained by a thermally activated intergranu-
lar deformation mechanism. Indeed, the intragranular plasticity in
the bulk of the grains is comparatively reduced, leading to a
reduced creation of LABs and a lower aspect ratio of the grains
(Fig. 7).
Damage may occur rapidly at the grain boundaries, due to
locally intense dislocation activity and/or nucleation and growth
of porosities in the presence of second-phase particles [9,17,25].
The occurrence of the grain boundary sliding at high temperature
deformation of ODS ferritic steels was also reported by Sugino
et al. in tensile tests at 800 C and 104 s1 [26].
It is therefore assumed that intragranular plastic strain is limited
by the nano-precipitates, and that the material signiﬁcantly
deforms by accommodation at grain boundaries, which leads to
intergranular damage unless prevented by large negative stress tri-
axiality. The weak morphologic texture evolutions observed after
the torsion tests are consistent with this scenario. On the contrary,
after HE, signiﬁcant textures have been formed [9,10], which is a
sign of an important intragranular dislocation slip activity. Thus,it is expected that stress triaxiality can inﬂuence the competition
between intergranular and intragranular deformationmechanisms.
4. Conclusion
Metallurgical phenomena involved in hot forming of three ODS
ferritic steels have been investigated. Torsion testing at various
temperatures and strain rates has been associated to SEM-EBSD
and X-ray diffraction techniques to characterize the samples
microstructures. The following conclusions have been reached.
 Under hot working conditions, the ODS materials follow a typ-
ical viscoplastic behavior: the ﬂow stress increases with
increasing strain rate and decreasing deformation temperature.
 The torsion ﬂow stresses of tested materials are higher than
those commonly observed in similar conditions for standard fer-
ritic steels. Their ductility however is signiﬁcantly reduced
because of very ﬁne precipitates that can be effective barriers
to the motion of dislocations. This highlights the role of nano-
precipitates dispersion on themechanical behavior of ODS steels.
 The EBSD analyses of deformed samples from material 1 reveal
a stable heterogeneous grain size microstructure, consisting of
small and large grains. Except for the damage, the microstruc-
ture evolution is limited.
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ples do not develop a signiﬁcant crystallographic or morpho-
logic texture, with strains as high as 1, 3.
 Materials 2 and 3 behave similarly to material 1 (with however
larger grain sizes), which means that neither the quantity of Ti
and Y2O3 added to the matrix (material 1 vs. material 2) nor the
size of the nano-precipitates and their volume density (material
2 vs. material 3) affect signiﬁcantly the deformation mode at
high temperature.
 Unlike the standard ferritic steels, the studied ODS materials do
not show evidence of dynamic recrystallization under the inves-
tigated conditions.
 For all tested materials, plastic strain accommodation mecha-
nisms at grain boundaries are suspected to compete with intra-
granular dislocation slip, due to the very high nano-precipitates
density. These accommodation mechanisms are associated to a
strong intergranular damage development, which explains the
limited ductility observed in torsion tests.
The analysis of other strain paths with different stress triaxial-
ities is under way. It is expected that stress triaxiality could inﬂu-
ence the competition between intragranular and intergranular
deformation mechanisms.
This study was achieved in the frame of the collaboration
between the CEA, AREVA NP, and EDF.References
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